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Introduction: Extracellular vesicles (EVs) are naturally secreted cellular lipid bilayer
particles, which carry a selected molecular content. Owing to their systemic availability
and their role in tumor pathogenesis, circulating EVs (cEVs) can be a valuable source of new
biomarkers useful for tumor diagnosis, prognostication and monitoring. However, a precise
approach for isolation and characterization of cEVs as tumor biomarkers, exportable in
a clinical setting, has not been conclusively established.

Methods: We developed a novel and laboratory-made procedure based on a bench centri-
fuge step which allows the isolation of serum cEVs suitable for subsequent characterization
of their size, amount and phenotype by nanoparticle tracking analysis, microscopy and flow
cytometry, and for nucleic acid assessment by digital PCR.

Results: Applied to blood from healthy subjects (HSs) and tumor patients, our approach
permitted from a small volume of serum (i) the isolation of a great amount of EVs enriched
in small vesicles free from protein contaminants; (ii) a suitable and specific cell origin
identification of EVs, and (iii) nucleic acid content assessment. In clonal plasma cell
malignancy, like multiple myeloma (MM), our approach allowed us to identify specific
MM EVs, and to characterize their size, concentration and microRNA content allowing
significant discrimination between MM and HSs. Finally, EV associated biomarkers corre-
lated with MM clinical parameters.

Conclusion: Overall, our cEV based procedure can play an important role in malignancy
biomarker discovery and then in real-time tumor monitoring using minimal invasive samples.
From a practical point of view, it is smart (small sample volume), rapid (two hours), easy (no
specific expertise required) and requirements are widely available in clinical laboratories.
Keywords: extracellular vesicles, biomarkers, hematological malignancies, nanoparticle
tracking analysis, flow cytometry, digital PCR

Introduction

The field of cancer diagnostics, prognostication and monitoring has been recently
impacted by new and exciting developments in the area of “liquid biopsy”."* This
novel approach analyzes circulating tumor cells and molecules (ie nucleic acids and
proteins) that are secreted both from primary tumor and metastatic sites, thus
indirectly and putatively providing a comprehensive information about different
neoplastic disorders in single patients.**

Received: 25 January 2021
Accepted: 11 March 2021
Published: 7 May 2021

International Journal of Nanomedicine 2021:16 3141-3160 3141
© 2021 Laurenzana et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/
BY NG

terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing
the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed.
For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0001-7670-4643
http://orcid.org/0000-0003-2127-2104
mailto:antonella.caivano@crob.it
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Laurenzana et al

Dove

In this context, extracellular vesicles (EVs) are lipid
bilayer particles released by normal and neoplastic cells,
that have been identified in different body fluids in addition
to blood (eg saliva, urine, cerebrospinal fluid and breast milk)
and have been reported to increase in patients with various
types of tumors, including hematological malignancies
(HMs).”® EVs may be small (SEVs; ~30-200 nm) or med-
ium/large (m/IEV's; ~200—10,000 nm).” They carry a selected
cargo in terms of lipids, proteins and nucleic acids, and show
specific surface antigens deriving from their parental
cells.'*!"!

Notably, the EV lipid bilayer protects their molecular con-
tent from degradation of proteases and nucleases, thus provid-
ing well defined genetic/protein/lipid signatures associated
with specific phenotypes.” We and others have previously
reported that the amount of circulating EVs (cEVs), expres-
sing specific tumor antigens and microRNA in HM patients,
correlates with clinical parameters and plays a prognostic
role.>'*'*"'* Furthermore, HM EVs, including those derived
from bone marrow (BM) microenvironment, mediate impor-
tant biological activities, ie differentiation and homing of
hematopoietic stem cells, transforming capacity, immune sys-
tem responses and even therapeutic ability in the field of
allogeneic transplantation.”®'>'” Thanks to their peculiar
physical and biological characteristics, EVs in biofluids may
be considered a true circulating “cell biopsy”, making them
attractive as a new possible biomarker, as well as a potential
therapeutic target in tumors.’

From a practical point of view, numerous protocols for
cEV isolation are available, and most of them are based on
the use of differential ultracentrifugation.'®'? Unfortunately,
their implementation in clinical practice has been restricted,
in part due to volume requirements, labor-intensive work-up,
low reproducibility and finally to the methodology that is not
usually met in basic clinical laboratories.'® Therefore, there
is an urgent need to develop an EV enrichment method that
overcomes the abovementioned limitations in order to facil-
itate the translation of research findings into the clinic.

Concerning EV characterization, in terms of size,
amount, quality, and phenotype, different methods such
as nanoparticle tracking analysis (NTA), atomic force
(AFM) and transmission electron (TEM) microscopes
and flow cytometry (FC) are usually applied depending
on the type of information looked for.”**2! As for EV
nucleic acid profiling, it is commonly determined by RT-
gPCR or, increasingly, by next-generation techniques, eg

next generation sequencing (NGS) and digital PCR.**°

Here we provide a new simple and easy procedure to
isolate lipoprotein free serum cEVs using a single centrifuga-
tion step suitable for subsequent EV characterization in terms
of size, amount, phenotype and molecular content with parti-
cular attention to DNA and small RNA (Figure 1). Our pro-
cedure could be easily reproduced and employed in different
contexts, including cancer patients. Therefore, we investigated
its applicability in the multiple myeloma (MM) setting to
demonstrate the potential clinical utility of EVs in the manage-
ment of MM patients. MM is the second most frequent hema-
tological neoplasm characterized by a clonal proliferation of
plasma cells (PCs) in the BM.* It is characterized by a clinical
and biological heterogeneity that leads to variable responses to
treatments and outcomes. Despite relevant therapeutic pro-
gresses during the last years, it remains today mostly incurable
leading to a median survival of 57 years.?

The study was conceived to demonstrate the feasibility/
employment of serum cEVs as a source of tumor biomar-
kers using simple, fast and sensitive procedures that can be
complemented, when needed, by other in-depth analyses.

Materials and Methods
Serum Samples and MM Cell Line

Blood samples were obtained from 10 newly diagnosed
MM patients and from 20 healthy subjects (HSs), matched
for age, gender and lifestyle. Main clinical characteristics
of all samples were reported in Table 1. Written informed
consent was obtained from all subjects.

In order to obtain serum, 3 mL of peripheral blood
(PB), drawn into Vacutainer SST II Advance tubes
(Becton Dickinson, BD, Franklin, NJ, USA), were centri-
fuged at 974xg at room temperature for 10 min in centri-
fuge 5810 R (Eppendorf, Hamburg, Germany). Aliquots of
500 pL of serum were stored at —80°C until use. All blood
draws were fasting and were processed within two hours.

Human MM cell line, RPMI-8226, was purchased from
American Type Culture Collection (Rockville, MD, USA).
Cells were cultured in RPMI 1640 medium (Gibco, Life
Technologies, Carlsbad, CA, USA) supplemented with 10%
FBS (Gibco), 1% of penicillin-streptomycin (Gibco) at 37°C
and 5% CO..

EV lIsolation from Serum and Cell Culture
Medium

For cEV isolation, 500 puL of serum were thawed at room
temperature and transferred in a 1.5 mL tube. All samples
were centrifuged at 200xg for five minutes at 4°C in
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Figure | Workflow for isolation and characterization of serum circulating extracellular vesicles.

a bench centrifuge (MicroCL 21R centrifuge, Thermo
Scientific, Wilmington, DE, USA).

Supernatants were carefully aspirated off without dis-
turbing pellets, transferred in new 1.5 mL tubes and

Table | Main Clinical Information of Healthy and MM Subjects

Sex Mean Age Year Range Prognostic
(Years) (Min-Max) Score
Healthy 10 M 63.3 43-73 -
subjects
10 F
MM patients | 7M 66.7 41-80 3 with ISS |
3 with ISS 2
3F 3 with ISS 3
I with ND

Abbreviations: M, male; F female; MM, multiple myeloma; ISS, International
Staging System; ND, not determined.

centrifuged at 14,300xg for one hour at 4°C in a bench
centrifuge. Supernatant was discarded and pellet was
washed with 1 mL of 0.22 pum filtered Dulbecco’s PBS
without calcium and magnesium salts (Gibco). After wash-
ing, EV pellets were resuspended in 500 uL of 0.02 pm
filtered PBS and stored at —80°C until use.

To obtain cell line derived EVs, 40x10° cells were cul-
tured at a density of 1.2x10° cells/mL of RPMI 1640 medium
without FBS for 48 h. Supernatant was collected for next
analysis and EVs were obtained with bench centrifuge as
reported above. EV pellet was washed with 0.2 um filtered
PBS and resuspended in 300 pL of 0.02 pm filtered PBS.

Nanoparticle Tracking Analysis

Size and concentration of EVs were defined using NanoSight
NS300 (Malvern Panalytical Ltd, UK). Samples were diluted
1:6 in PBS in a final volume of 400 puL. Camera level and
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syringe pump flow were set to 15 and 50, respectively. Five
repeat captures, each of 60 seconds, were acquired at con-
trolled temperature of 26°C.

Detection threshold was set to four to reduce noise.
Data were processed using NTA 3.2 software (Malvern
Panalytical Ltd). D10 and D90 values, mode, mean and
concentration were reported. D10 and D90 serve to
identify the size range in which most of the particles
are found and to weight the presence, proportion and
importance of outsider particle sizes. Mode value indi-
cates size of the highest amount of particles measured in
the middle of D10 and D90 range.

Atomic Force Microscopy
Ten microliters of EV dilution (1:100) were deposited onto
freshly cleaved mica and let dry for at least 12 h under
a laminar flow hood. The employed AFM microscope has
been designed in house and customized for an optimal
analysis of biosystems.”” AFM measurements were per-
formed in air, at room temperature and controlled (<30%)
relative humidity.”® Measurements, in agreement with pre-
viously performed experiments'® were performed in con-
tact mode, with probe force smaller than 1 nN from zero
cantilever deflection, using silicon nitride Veeco MSCT
probes (Camarillo, CA, USA) with a thermally calibrated
elastic constant of 0.022+0.002 N/m. High resolution
images were collected at a scanning speed ranging from
three and four seconds/row and, typically, with a number
of points corresponding to pixel size of five nanometers.
The AFM analysis has been performed by subtracting
a background plane from the topography image, followed by
a X and Y linearization to compensate the scanner-induced
deformation. The particles have subsequently been mapped
using the “mark by threshold” function in the slopetedge
modality of the Gwyddion software package. The equivalent
radius, ie the radius of the corresponding circle projected on
the ground plane, for each vesicle has been collected and the
resulting histograms (bin size=two nanometers) were fitted
with Gaussian curves in order to identify the composing
populations (in terms of mean value and standard deviation).
Results have been used for comparison in the pie chart
reported in the result section. Overall, more than 4000
vesicles from healthy individuals and 2400 from pathological
subjects have been measured.

Transmission Electron Microscopy
Twenty microliters of EV sample suspension were applied
to a Pioloform coated Nickel grid (200 mesh; TAAB

Laboratories Equipment Ltd, Aldermaston, UK). The
coated grid was floated for two minutes on the sample
drop and rinsed on a 20 pL double distilled water drop.
Negative staining was performed with 200 pL of 2% w/v
uranyl acetate solution (TAAB Laboratories Equipment
Ltd). After draining off the excess of staining solution by
means of a filter paper, the specimen was transferred for
examination in a Philips Morgagni 282D TEM, operating
at 60 kV. Electron micrographs of negatively stained sam-
ples were photographed on Kodak electron microscope
film 4489 (Kodak Company, Rochester, NY, USA).

Quantification of Proteins, Lipoproteins
and Apolipoproteins in EVs

All measurements were performed on 500 pL of serum,
EV pellet and its supernatant. Total proteins and albumin
were measured by colorimetric assay using Total Protein
and Albumin reagent kits (Beckman Coulter, Brea, CA,
USA). Low density lipoproteins (LDL), high density lipo-
proteins (HDL) and triglycerides (TG) were measured by
enzymatic assay using LDL-cholesterol, HDL-cholesterol
and TG reagent Kits (Beckman Coulter).

The amount of very low density lipoproteins (VLDL)
was obtained by the formula TG amount/5.**° Apo Al
and Apo B lipoproteins were measured by immune-
turbidimetric test using Apo Al and Apo B reagent kits
(Beckman Coulter). All these analyses were conducted on

the automatic analyzer AU680 (Beckman Coulter).

Flow Cytometric Analysis of EV Samples
EV samples were analyzed on FACS CANTO II using
DIVA software (BD Biosciences, San Jose, CA, USA).

FC was abundantly washed for 15 min with clean, rinse
solution and distilled water. Only when a flow rate of <50
events/second for PBS was registered, the FC was consid-
ered ready for analysis. Standard sheath fluid without
further filtration was used in all measurements.

A mix of nanofluorescent particle beads (0.13 pm) and
nanopolystyrene size standard kit (0.22, 0.45, 0.88 and
1.35 um; Spherotech, IL, USA) was used to set up vol-
tages for physical parameters forward scatter (FSC) and
side scatter (SSC). All parameters, including FSC and
SSC, were set up in logarithmic scale and height (H)
parameter. Threshold was set on SSC and samples were
acquired at low flow rate. To better identify the exact
gates, Spherotech beads were visualized on a V500-H/
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SSC dot plot. Before each analysis, FC was properly
washed, as previously reported.

Five microliters of EV samples were labeled with
40 uM of 5-carboxyfluorescein diacetate-succinimidyl
ester (CFDA-SE, Sigma-Aldrich) in a reaction volume
of 20 pL for 30 min at 37°C. CFDA-SE is a nonfluor-
escent molecule which when is hydrolyzed by intrave-
sicular esterases, becomes the membrane not permeable
fluorescent ester
(CFSE).

After incubation, 3 uL of CFDA-SE labeled-EV sam-
ples were incubated with 100 ng of different conjugated

carboxyfluorescein-succinimidyl

antibodies for specific surface markers and their respective
controls for 40 min at 37°C in a reaction volume of 30 uL.

Specifically, allophycocyanin (APC) anti-CD9 (clone
M-L13, BD), APC anti-CD19 (clone SJ25C1, BD), phy-
coerythrin (PE) anti-CD20 (clone L27, BD), APC anti-
CD38 (clone HB-7, BD), APC anti-CD45 (clone 2Dl,
BD), PE anti-CD138 (clone MI15, BD) and APC anti-
CD235a (clone GA-R2 HIR2, BD) were used.

After labeling, 3 pL of EV samples were transferred in
TruCount tubes (BD) containing 400 pL of 0.02 um fil-
tered PBS. A total of 50,000 events were immediately
acquired in low flow rate.

EV concentration (EVs/mL) was calculated with the
formula EVs/mL=Ggy/G1c*TC/V* DF (Ggy=number of
events in CFSE+EV gate, Grc=number of events in
TruCount bead gate, TC=number of TruCount beads in
single TruCount tube, V=sample volume used in the ana-
lysis, DF=sample dilution factor). To calculate EVs posi-
tive for specific antibody (ie CD38, CD138, CD38/
CD138), we referred to the Ggy value, Ggy=number of
events in their specific dot plot quadrant.

Flow Cytometric Analysis of MM Cell
Line

Surface marker expression was evaluated on RPMI-8226
cell line by cytometric analysis. In brief, after harvest,
100,000 cells were washed with PBS and incubated with
PE anti-CD20 (clone L27, BD), APC anti-CD19 (clone
SJ25C1, BD), PE anti-CD138 (clone MI15, BD) and
APC anti-CD38 (clone HB-7, BD) monoclonal antibo-
dies, at room temperature for 15 min in the dark. After
incubation, cells were washed and suspended in 300 pL
of PBS; 10,000 events were acquired on FACS CANTO
II and analyzed by DIVA software (BD).

EV DNA and RNA lIsolation and

Characterization

To isolate nucleic acids from serum EVs, we adapted and
RNA/DNA/PROTEIN
Purification Plus Micro Kit (NorgenBiotek Corporation,

modified a commercial Kkit,
Canada), recommended for cultured animal cells, tissue
samples, blood, fungi and plants. This kit indicates to
add lysis buffer to pellets derived from different sources
or to 50 pL of blood. We used, as input, 50 pL of EVs to
which we added the lysis buffer, as indicated in the pro-
tocol, and 1 pL of carrier RNA (cat. no. 4382878 Applied
Biosystems). Sequentially, DNA and RNA were eluted
from spin columns in 50 pL elution buffer and 50 pL
nuclease-free water, respectively, and stored at —80°C
until use.

Total DNA and RNA were quantified with a NanoDrop
2000c spectrophotometer (Thermo Scientific). DNA was
evaluated by electrophoresis in 1.5% agarose gel; SYBR
safe stained gels were acquired with a ChemiDoc system
and analyzed by Image Lab software (Bio-Rad). DNA
concentration was measured using the High Sensitivity
double strand (ds) DNA Qubit Assay kit and Qubit™ 2.0
fluorometer (Thermo Fisher Scientific, Wilmington, DE,
USA) following manufacturer’s recommended protocol.

Size distribution of EV-RNA was assessed using Pico
RNA chips in Agilent Bioanalyzer (Agilent Technologies
Inc, Santa Clara, CA, USA), following manufacturer’s
instructions.

RNA quantity was measured using the RNA High
Sensitivity assay kit and Qubit™ 2.0 fluorometer
(Thermo Fisher Scientific) following manufacturer’s
recommended protocol.

Reverse Transcription (RT) of EV RNA

To normalize sample-to-sample variations in miRNA
(miR) content, we used a fixed volume of eluted RNA as
input for RT.>' cDNA was synthesized starting from 5 pL
of extracted RNA wusing TagMan miRNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA,
USA) and miR-21 specific RT primers (Applied
Biosystems; cat. n0.4427975, assay 1ID000397) following
manufacturer’s instructions.

Digital PCR

MiR-21 and JAK-2 levels were quantified by QX200 dro-
plet digital PCR (dPCR) system (Bio-Rad Laboratories,
Hercules, CA, USA). For miR-21, 10 pL of the
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synthesized cDNA were added to a 2% dPCR supermix
for probe (Bio-Rad) and 1 uL 20X TagMan miRNA probe
(Applied Biosystems) in a 20 pL reaction mix. For JAK-2,
10 pL of DNA were added to a 2Xx dPCR supermix for
probe (Bio-Rad) and 1 pL 20X assay (cat. no. 10049550
Bio-Rad) in a 20 pL reaction mix. Then, droplets were
generated by loading the mix into a plastic cartridge with
70 uL of Droplet Generation Oil (Bio-Rad).

Cartridges were placed into the Droplet Generator
(Bio-Rad). In addition, a no template control was included
in every assay. Droplets generated from each sample were
carefully transferred to a 96-well PCR plate (Eppendorf)
and PCR amplification was carried out on a thermal cycler.
Cycling conditions were: 95°C for 10 min, then 40 cycles
of 95°C for 15 seconds and 57°C (for miR-21) or 60°C
(for JAK-2) for one minute, and finally 98°C for 10 min
and 4°C infinite hold. A ramping rate of 2°C/second was
used in every step. The plate was then read in the Droplet
Reader (Bio-Rad) and analyzed using the QuantasoftTM
version 1.7.4 software (Bio-Rad). The fraction of PCR-
positive droplets was quantified assuming a Poisson dis-
tribution and the number of copies per microliter (no.
copies/uL) for each sample was evaluated using the
QuantaSoft software.

Statistical Analysis
Nonparametric, not paired (Mann—Whitney test) Student’s
t-test was used to determine the significance of differences
of size, EVs/mL, EV CD38MFI, CD138MFI, CD38+EVs/
mL, CD138+EVs/mL, CD38/CD138+EVs/mL and miR-
21 expression level between two groups (MM vs HSs).
P-value <0.05 was to be

significant.

considered statistically

To assess the degree of association of two variables,
the analysis of linear correlations was performed by means
of Pearson’s correlation using GraphPad Prism 6.

Receiver operating characteristic (ROC) curves were
generated. Data from EVs in HSs were plotted against
values derived from the group of MM patients to give
estimates of true positive values (sensitivity) and the pro-
portion of false negatives (specificity). Plotted values were
represented as a curve and the area under the curve (AUC)
is indicative of diagnostic accuracy. An AUC=1 (100%)
denoted full accuracy of the test. In this way, it is possible
to discriminate normal from abnormal values, which give
an estimate of a cut-off value for a specific test in
a particular setting.

Results were defined statistically significant when
P-value <0.05.

All statistical analysis were performed using the
GraphPad Prism 6 software.

Results
Size, Quality, Amount and Antigen Profile
of Serum EVs in Healthy Subjects

Sera from 20 HSs were subjected to 14,300xg for one hour
at 4°C in a bench centrifuge and pellets were washed and
resuspended in filtered saline buffer.

Three independent methods including NTA, AFM and
TEM were employed to characterize the purified pellet of
cEVs in terms of concentration, size and quality. As
reported in Figure 2A, the particle size distribution pro-
vided by NTA showed a heterogeneous EV population
with a size range between 90 and 800 nm, thus including
both small and medium EVs (s and mEVs). NTA data are
reported in Figure 2B; only 10% of particles were smaller
than 92.6 nm (D10) and larger than 241 nm (D90), indi-
cating that 80% of particles displayed a size ranging
between 92.6 and 241 nm. The mode size of EVs was
105.7 nm. The concentration of s/mEVs ranged between
1x10® and 20108 EVs for mL of serum.

AFM analysis showed that the majority of the particles
have a radius in the range 18-35 nm (Figure 2C). Finally,
TEM analysis showed that EV pellet contained typical
round particles with a diameter ranged approximately
between 20 and 300 nm with a uniform outer membrane
(double layer) (Figure 2D). Altogether these data indicated
that purified cEVs ranged between 20 and 800 nm and are
enriched in SEVs.

To rule out the presence of serum common contami-
nants in EV samples, total protein and albumin, HDL,
LDL and VLDL, Apo Al and Apo B apolipoproteins,
were quantified in sera, in EV samples and in their respec-
tive supernatant after centrifugation.

Any types of protein were detected in EV samples,
whereas they were easily quantified at comparable con-
centrations in sera and EV supernatants (Figure SIA-C).

To confirm the presence of bilayer membrane particles
and their cell-origin, the cEV pellet was also analyzed with
FC by labeling EVs and investigating the presence of cell
specific antigens on their surface.

We set the FC using size calibration beads taking
advantage of their autofluorescence (Figure 3A).
Thresholds, SSC and FSC, were adjusted in order to
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Figure 2 Healthy serum EV characterization. (A) Representative histograms of hydrodynamic EV size distribution profiles of three HSs measured by NTA. (B) NTA data
expressed as D10, D90, mode, mean and concentration as mean value standard error and median of 20 HS EVs. Minimum and maximum values for each parameter are
indicated in parentheses. (C) Representative topography images and pie chart particle radius analysis of HS derived EVs obtained through AFM analysis. (D) Representative
photos of HS derived EVs obtained by TEM (image magnification: 50kX for upper image and 80kX for bottom images).

view smaller beads up to 130 nm and to set an EV gate
using the 0.02 pum filtered PBS (Figure 3B). In order to
eliminate artifacts and to analyze only intact EVs, we
labeled EVs with a membrane-permeant molecule,
CFDA-SE (see Materials and Methods). Gated events
were then selected for fluorescence above the back-
ground of non-stained EVs. We observed that CFSE
positive (+) EVs in the SSC/FSC dot plot appear with
a dimension <130 nm beads (Figure 3C). For absolute
FC quantification of EVs, TruCount tubes were used.
Mean and median concentration of CFSE positive (+)

EVs in HSs are reported in Figure 3D. For EV cell
CFDA-SE-labeled EVs
stained with antibodies against erythrocyte (Eri) and
leukocyte (Leu) antigens, such as CD235a and CDA45,
respectively. As reported in Figure 3E, our FC setting

origin identification, were

confirmed that the pellet contained Eri-EVs and Leu-
EVs. Of note, all appropriate controls were used for the
EV gate setting and data interpretation demonstrating
that buffer plus antibody reagents without EVs did not
affect fluorescence signals and that no antibody was
contaminated or formed aggregates (Figure S2).
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Nucleic Acid Content in HS EVs

In order to extract nucleic acids from EVs and to optimize
the amount of EV sample for the extraction, we adapted
and modified a commercial kit protocol that allows the
sequential isolation of DNA and RNA from cells/blood to
a low input of EV samples (50 pL of serum) (see Materials
and Methods).

We firstly verified the recovery of EV DNA with
a NanoDrop spectrophotometer obtaining a mean concen-
tration of 12354579.7 ng/mL from 20 HS sera and visua-
lized it by agarose gel electrophoresis (Figure S3). Next,
dsDNA was quantified by fluorimetric assay, reporting
a mean concentration of 9.66+4.2 ng/mL.

To overcome concentration discrepancy among these
methods, verified nucleic acid rate

we recovery

quantifying Janus kinase (JA4K-2) gene by dPCR starting
from a fixed volume of eluted DNA for all HS samples.
We obtained a good separation between JAK-2 positive
and negative droplets (Figure 4A) detecting a very low
amount of JAK-2 up to 0.4 copies/uL. Moreover, JAK-2
mean value was 0.55+0.2 copies/pL.

EV RNA was quantified by spectrophotometry
(Figure S4) obtaining a mean concentration of 18,825
+2185.3 ng/mL and its quality was evaluated (Figure 4B).
Total EV RNA profile revealed a size distribution ranging
from 25 to 4000 nucleotides. As expected, no peaks of
RNAs, 18S and 28S, detected.
A quantitative EV RNA assessment was also accomplished

ribosomal were

by fluorimetric assay obtaining a mean concentration of
0.45%0.01 ng/pL from 20 HS sera.
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We further performed dPCR on RNA quantifying miR-
21. A good separation between miR-21 positive and nega-
tive droplets was reported (Figure 4C). We also detected
a very low amount of miR-21 up to 1.5 copies/uL with
a mean value of 28.93+46.7 copies/uL.

Profiling of Circulating EVs for Malignancy
Biomarker Discovery

In order to verify the suitability of our method in a clinical
setting, we used it to isolate cEVs in HMs. Therefore, sera
from 10 newly diagnosed MM patients were subjected to
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all steps described above and a comparison between MM
and HS EVs was made.

Size, Quality, Concentration and Antigen

Profile of MM EVs

NTA showed that MM EVs were polydispersed particles with
a size range between 50 and 830 nm and that there were
differences between MM and HSs (Figure SA). In particular,
the median of mode (120 nm) and D10 (104.3 nm) in MM
were higher than in HSs (101.3 nm with p=not significant, and
92.9 nm with p=0.04, respectively), whereas D90 did not show
difference between the two groups (Figure 5B). Median con-
centration of s/mEVs from MM sera was 9.1x10® EV's for mL
and it was significantly higher than in HS sera (6x10° EVs
for mL, p=0.03; Figure 5C). To determine the trade-off
between sensitivity and specificity of EV size and concentra-
tion between HS and MM subjects, we used ROC curves. We
established a cut-off value of >95.70 nm for D10; 80% sensi-
tivity (Sen) and 65% specificity (Spe), p=0.04, Figure 5D; and
of >7.6x10°EVs/mL for concentration; 80% Sen and 70%
Spe, p=0.04, Figure 5E; which allowed to distinguish MM
from HSs. AFM reported that the majority of MM particles
have a radius in the range 1840 nm (Figure 5F). In the
comparison, we observed an increase, in percentage and size,
of the average value of the largest EV population in MM
(radius of 40 nm) compared to HSs (radius of 35 nm) (com-
pare Figures SF and 2C).

Analysis by TEM showed that MM EV pellet con-
tained particles in the dimension range of 20-300 nm. Of
note, the MM EV membrane was jagged and not uniform
unlike HS-EVs (compare Figures 5G and 2D). Analysis of
serum common contaminants showed that any types of
proteins were detected in MM EV samples, whereas they
were easily quantified at comparable concentrations in
their respective sera and supernatants (Figure SSA-C).

FC analysis of cEVs showed that their concentration
was significantly higher in MM patients compared to HSs
(p=0.0007; Figure 6A). Of note, to verify the relationship
between EV amount determined by FC and NTA,
a Spearman correlation coefficient test was applied and
a strong correlation was found (p=0.004; Figure S6).

With regard to EV antigen profile definition, MM pro-
vided the opportunity to combine the use of two plasma
cell-specific markers, such as CD38 and CD138 for FC
analysis of EVs.

First, for the multiparametric FC setting, we labeled
MM cell line RPMI-8226 which displayed high CD38 and

median CD138 levels (Figure S7A and B). The FC setting
allowed the identification of single CD38+EVs, CDI138
+EVs and double CD38/CD138+EVs. These EVs were
negative for CD19 and CD20 expression (Figure S7C).
Of note, EV CD38 and CD138 expression levels were in
line with that found on their parental cells: in fact, EVs
expressed higher levels of CD38 than CD138 similar to
that observed in parental cells (Figure S7D and B, respec-

tively). All appropriate controls were used for the gate
setting and data interpretation (Figure S8).

We then tested EVs isolated from HSs with the same
antibodies and found that single CD38+, CD138+EVs and
double CD38/CD138+ EVs can be also detected in HS sera.
Their amount, however, was statistically higher in MM
patients respect to HSs (p=0.009, p=0.02 and p=0.005
respectively, Figure 6B). A statistically significant difference
of CD38 expression levels (mean fluorescence
intensity=MFI), but not for CD138 MFI, was observed,
between the two groups (Figure 6C). In particular, CD38
MEFI was lower in MM than in HS-derived EVs (p=0.0003).

We further performed ROC analysis to evaluate the dis-
criminatory efficacy of both total and specific antigen-EV
concentration and CD38MFT in distinguishing MM patients
and control subjects. ROC analysis established the followed
cut-off values of: (i) >1.7x10% EVs/mL (80% Sen and 65%
Spe, p=0.001; Figure 6D), (ii) >77,583 CD38+EVs/mL (80%
Sen and 80% Spe, p=0.04 Figure 6E), (iii) >6.7x10° CD138
+EVs/mL (80% Sen and 80% Spe, p=0.01; Figure 6F), (iv)
>354,254 CD38/CDI138+EVs/mL (90% Sen and 80% Spe,
p=0.0083; Figure 6G), and finally (v) >182.5 CD38 MFI
(100% Sen and 85% Spe, p=0.0004; Figure 6H) that allowed
us to distinguish MM patients from HSs.

Molecular Content of EVs

We quantified DNA amount extracted from EVs of MM
patients. A mean concentration of 1010+£523.8 ng/mL and
8.1£2.05 ng/mL was obtained using spectrophotometry
and fluorometry analyses, respectively.

Moreover, RNA from MM EVs showed a mean con-
centration of 20,480+3,704.9 ng/mL and 0.52+0.06 ng/puL
by spectrophotometric and fluorometric (Figure S9 and
Figure 7A, respectively) assays, respectively. Moreover,
we quantified miR-21 expression in MM patient-derived
EVs detecting a mean level of 9.07+11.1 copies/uL. Of
note, droplet dPCR allowed to quantify a very low amount
of EV miR-21 up to 1.3 copies/uL in each sample
(Figure 7B).
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The comparison between healthy and MM subjects, dis-
played a miR-21 heterogeneous expression in both groups and
a significant lower level in MM patients (p=0.03; Figure 7C).

We applied ROC analysis to evaluate the discriminatory
efficacy of miR-21 amount in distinguishing MM patients and
control subjects establishing a cut-off value <6.6 copies/uL
(70% Sen and 70% Spe, p=0.03; Figure 7D).

Association Between EV Biomarkers and
MM Clinical Features

In order to provide a preliminary investigation of the clinical
relevance of EVs in MM, we correlated EV characteristics
with different clinical features including BM plasma cell (BM-
PC) percentage, serum free light chain (sFLC) amount, disease
stage (International Staging System, ISS) and bone lesions.
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Figure 6 Comparison analysis of cytometric data of EVs isolated from 20 HS and 10 MM samples. (A) Representative dot plots of CFSE+EVs and comparative scatter plot of
CFSE+ EVs for mL of serum. (B) Representative dot plots of CFSE+ EVs labeled with anti-CD 138 PE and anti-CD38 APC and comparative scatter plot of CFSE+/CD38+
EVs, CFSE+/CD138+ EVs, CFSE+/CD38+CD 138+ EVs for mL of serum. (C) Representative fluorescence intensity plots of CD138 and CD38 on EVs and comparative
scatter plot of CD38 and CD138 MFI of CFSE+ EVs. ROC curve analysis of (D) EVs/mL, (E) CD38+ EVs/mL, (F) CD138+ EVs/mL, (G) CD38/138+ EVs/mL and (H) EV

CD38 MFI in HS vs MM subjects.

Absolute number of CD38/138+EVs/mL showed
a positive correlation trend with the BM-PC percentage,
while a negative correlation trend was observed between
CD138+EVs, CD38+EVs, EV CDI138 and EV CD38 and
BM-PCs (Figure S10).

MM patients showed positive linear correlation coeffi-
cients for CD38/138+ EVs/mL and CDI138EV-MFI and
involved sFLCkappa (r=0.74, p=0.02 and r=0.64, p=0.05

respectively; Figure 8A and C), while the value of CD138
+EVs/mL of serum showed a decreasing trend when com-
pared to FLCs (r=—0.8, p=0.01; Figure 8B). No significant
correlation was found between other EV biomarkers and
sFLCkappa and sFLClambda (Figure S11). Overall, the
characteristic increase of BM-PCs and sFLCkappa of our
MM cohort was associated with an increase of CD38/138+
EVs and with a reduction of CD138+EVs (Figure S10 and
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Figure 7 EV RNA and miR-21 analysis and miR-21 accuracy assessment in MM. (A) RNA concentration assessment (ng/uL) by Qubit in healthy and MM EVs. (B) One-
dimensional scatter plot represents droplet distribution for miR-21 assay. MiR-21 assay positive (blue) and negative (black) droplet amplitudes in three representative HS EVs
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indicated with the p-value. (D) ROC curve analysis of EV miR-21 (copies/uL) in 20 HS vs 10 MM subjects.

Figure 8A and B). Concentration of CD38+ and CD38/138
+EVs, EV CD138MFI and EV NTA data (mode and D90)
were higher in patients with ISS3 compared with those in
ISS1-2, although the difference was not statistically sig-
nificant. In addition, a trend of positive association
between high EV miR-21 levels in MM and ISS3 was
found (Figure S12). In MM bone disease, CD138+ EV
amount was higher in MM patients (n=6) with >3 bone
lesions than in patients (n=3) with <3 bone lesions
detected by magnetic resonance imaging (p=0.26), while
a reduction of CD38/CD138+EVs/mL was associated with

an increased number of bone lesions in a not significant
manner (Figure 8D and E and Figure S13).

Discussion

The identification of novel noninvasive biomarkers to
improve early diagnosis and disease prognosis, as well as
to support personalized treatment and monitoring, is a major
clinical priority in oncology. Therefore, capturing potential
cancer biomarkers from blood-based biofluids is of particu-
lar interest for clinical applications. In this context, EVs,
thanks to their characteristic of circulating “cell-biopsy”
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carrying molecular information and phenotype of cell
source, have proven to be new potential biomarkers for
screening, diagnosis, and monitoring of tumors including
hematological neoplasms.>* > Therefore, the ability to
accurately detect and analyze tumor EVs in peripheral
blood (PB) of patients is of remarkable importance.

We have developed an entire workflow for the analysis
of EV biomarkers based on (i) minimal invasive and small
volume sampling, (ii) isolation of EVs, and (iii) their
profiling, demonstrating its application firstly in healthy
settings and then in a hematological malignancy, like MM.

Here we hypothesized and demonstrated that circulat-
ing EVs, detectable in PB, can provide information which
reflect what happens in the human body including BM
niche that is the “origin site” of different HMs. The BM
biopsy, for MM, and generally the traditional tumor
biopsy, is the standard method for the analysis of neoplas-
tic cells.*

This approach however: (i) is quite invasive; (ii) is
often not representative of the “spatial” heterogeneity of
tumors, and (iii) does not reflect tumor molecular variety
in a single patient. In this context, we and others have
previously reported that PB, specifically serum of patients

with cancer, including HMs, is a rich source of cEVs.>” In
particular, when tissue biopsy is not possible, the cEV-
based approach could be useful as alternative. Here,
a small volume sample (500 puL) of PB serum from HS
and MM subjects was chosen as source of cEVs.®

The determination of the optimal strategy to isolate
EVs is a critical step toward retrieving the maximal
amount while ensuring the recovery of different vesicle
subtypes. Various methods including density gradient cen-
trifugation, antibody affinity columns and precipitation/
ultracentrifugation techniques have been proposed to iso-
late EVs.*>® However, most of them require substantial
time, great biofluid volume, instruments and expertise
that limit their point-of-care clinical translation. Our EV
isolation procedure is based on requirements usually met
in basic clinical laboratories (no specific expertise
required) like a bench centrifuge to perform two centrifuge
steps for a total of two hours. Interestingly, this method
allowed us to isolate both small and medium EVs in
a dimensional range of 36-800 nm, as result of the com-
bination of three independent size determination methods,
including NTA, TEM and AFM, as recommended by the
International Society of Extracellular Vesicles (ISEV).’
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NTA technology identified in all HS and MM samples
most of the particles in the range of 50-200 nm, and also
detected particles between 300 and 800 nm (mEVs),
although present in smaller quantities. Of note, NTA has
a lower detection limit of about £60 nm, causing smaller
EVs to be underrepresented or absent from analysis.>
However, the presence of very small EVs, with observed
radii smaller than 40 nm, was detected by AFM.

It is still not possible to propose specific and universal
markers to distinguish sEV and m/I-EV subpopulations.’
In any case, following ISEV2018 suggestions, we assessed
some cell/tissue specific markers such as CD45 and CD9
(data not shown) and we used methods based on size
definition, demonstrating the presence of different types
of EVs.” Collectively, we isolated EVs enriched in sEVs
(mode value around 100-120 nm). This finding was quite
surprising since these types of EVs are generally isolated
by applying an ultracentrifuge step, which is one of the
most commonly used isolation methods in the EV
field.">*

It is well known that ultracentrifuge is not immediately
applicable in a clinical setting and, even more, leads to EV
co-purification with lipoproteins and soluble proteins®'
hampering downstream EV analyses, such as count and
molecular content analysis.** This co-purification is an
unresolved problem common to other EV isolation meth-
ods, such as ExoKit and density gradient.** Interestingly,
we demonstrated that our EV samples are free from total
serum proteins, including lipoprotein complexes (7-80
nm) and albumin, favoring a deeper and more specific
EV associated-biomarker discovery studies without pro-
blems in deep downstream EV analysis. Size comparison
between EVs isolated from MM patients and HSs with our
method demonstrated that most of MM-EVs were a little
larger than HS-EVs as confirmed by NTA mode (120 vs
101 nm, respectively); similarly, AFM data confirm a shift
of the EV radius distribution toward higher value and
evidence a queue of relatively large values (up to more
than 100 nm radii) in MM. Our data are in agreement with
MM EV size reported by Zhang et al who isolated cEVs
by using ultracentrifuge steps.*’

Interestingly, TEM showed a morphologic heterogene-
ity in MM-EVs which were round or jagged with an
irregular surface with respect to uniform round EVs
detected in HSs.** This difference was also reported in
other diseases using different methods to isolate EVs.*>#¢

Overall, we provided evidence that (i) our procedure
allows the isolation of contaminant free EV from 500 pL

of serum within only two hours, and (ii) EV size (D10
parameter) represents a biomarker able to distinguish MM
patients from HSs with a great specificity (80%) and
sensitivity (80%).

EV concentration was investigated by NTA and con-
ventional FC, which are currently the most widely used
techniques for EV quantification.*” Generally, FC seems
most suitable for analysis of m/IEV subsets.>® Using
a fluorescent EV intracellular (from now “intravesicular’)
labeling, firstly we eliminated the detection of artifacts
(not bilayer particles) and, secondly we were able to detect
EVs apparently similar or smaller than 130 nm beads,
otherwise not detectable using physical parameter setting
(SSC/FSC). In fact, fluorescence, rather than light scatter,
used as trigger greatly improved FC EV detection.*”*
Next, by adding known concentrations of beads to our
samples, we were able to count EVs using FC.'?

NTA and FC indicated a median concentration of HS
EVs of 6.10x10%/mL and 1.19x10%mL, respectively.
A similar result was obtained for MM patients (9.1x10®
EVs/mL vs 2.6x10° EVs/mL from NTA vs FC, respec-
tively). Cleary, the NTA-derived EV concentration was
higher than the obtained using FC and this is likely
because NTA is able to detect and quantify EVs below
the detection limit of FC. This hypothesis was supported
by the strong correlation found between NTA and FC EV
count (p=0.004). Anyhow, concentration of cEVs appeared
to be higher in MM patients than in HSs (1.5-2.5 fold
increase) with both quantification methods and it was in
line with blood EV concentration reported from other
authors.”® These counts could be considered EV biomar-
kers to distinguish MM from HS with a great sensitiv-
ity (80%).

Cell lineage markers provide useful information for
determining and distinguishing cellular source of EVs.
Indeed, the detection of CD41, CD235a and CD45 on
the EV surface allowed to identify platelet, red blood cell
(RBC) and leucocyte-derived EVs, respectively, demon-
strating that blood EVs mainly derived from these
cells.*’'>° We and others reported the detection of
serum cEVs released from different cells, such as myeloid,
lymphoid, platelet and endothelial cells, in different dis-
ease settings.®'>>7 In agreement with these studies, here
we have also demonstrated the detection of leukocyte and
RBC derived EVs and, more important, of tumor-EVs. We
chose MM to test our EV-based procedure because it is
the second most frequent hematological malignancy and
because MM cells are identified in FC using two specific
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PC markers, such as CD38 and CD138. Thus, we could
use them to analyze EVs isolated from MM patients.

First, by using MM cell line-derived EVs as a setting
model, we demonstrated that the expression level of CD38
and CD138® on EVs reflected the parental cells and that
conventional FC allowed robust multicolor analyses of
EVs. Then, in both HS and MM sera, we detected single
positive CD38+ or CD138+ and double CD38/138+ EVs.
Their concentration was on average twofold greater in
MM patients compared to HSs whereas CD38 expression
level was lower (0.6—0.7-fold decrease) in MM-EVs com-
pared to HS-EVs.

We reasonably believe that double positive cEVs in PB
can derive from normal or myeloma PCs present in the
body, including BM which is MM origin site. Our idea
was supported by a positive correlation trend found in MM
between CD38/138+EV levels and the percentage of
BMPCs which has been also reported by other authors.*’

For CD38+EVs and CD138+EVs, we cannot comple-
tely exclude that they could derive from other cells as well
as PCs, since CD38 is also detectable in other lymphoid
(NK cells, B cells and activated T cells) and myeloid cell
populations (monocytes, early osteoclast progenitors),’
while CD138 is also expressed in epithelial cells.®*"

Moreover, our data combining the increase of CD38
+EVs amount with CD38 reduced expression in MM vs
HSs could indicate that, for MM cells, it is more important
to release a great number of CD38+EVs rather than EVs
expressing high levels of CD38.

A higher level of plasma CD138+EVs/mL and CD38
+EVs/mL in MM patients vs HSs and their correlation
with tumor burden has been previously reported.'*%* Of
note, concurrently with our work, plasma CD138+ EVs
were found in both MM PB and BM and it was reported
their diagnostic potential in 61 MM patients.** Despite the
different EV isolation technique and phenotype character-
ization, our results are in total agreement with Zhang’s
findings and provide further support to the translational
relevance of EV-associated biomarkers in MM and their
potential use in a clinical setting. Indeed, CD38 and
CD138 expression on EVs might provide useful diagnostic
information to distinguish between MM and HS with
a high sensitivity. Of note, the presence of circulating
CD38+EVs should be considered during anti-CD38 treat-
ment in MM.®* We believe that cEV can interfere with it,
on one side subtracting the anti-CD38 antibody in circula-
tion and making the anti-CD38 MM treatment less effec-
tive, and on the other CD38+EVs plus anti-CD38 antibody

could represent an MM “immune” escape strategy. Future
studies will be needed to verify these hypothesis. From
a clinical point of view, our preliminary results revealed
a significant correlation between clinical parameters, such
as sFLCkappa concentration,®® and amount of tumor-
specific EVs and expression level of CDI138+ EVs.
Specifically, the increase of sFLCkappa concentration
was correlated to an increase of CD38+/CD138+EVs/mL
and EV-CD138 expression levels and to a reduction of
CDI138+EVs/mL uncovering an existing relationship
between FLCs and specific EVs. In fact, FLCs like EVs
are released from cells, in particular from PCs, in order to
circulate freely. It is possible that the observed relationship
between sFLC and EVs serum levels might simply be due
to the fact that they are released by the same cells.
However, it is also plausible that EVs, as well as FLC
released into serum, might be somehow intertwined but
this hypothesis remains to be elucidated. Anyway, it is of
interest that, in our cohort of patients, the specific MM
clinical features, like the increase of BM-PCs and of
sFLCkappa, were accompanied by an increase of PC-
EVs (as CD38+/138+ EVs) supporting the idea that BM-
PCs simultaneously release sFLCkappa and EVs; thus,
their combination could have potential clinical relevance.
In this setting, it is noteworthy that a clinical trial is
currently ongoing to investigate the prognostic role of
EVs in MM patients (MM, Eudract 2017-004003-46).

Regarding other MM clinical parameters, we observed
a positive trend between BM PC percentage and bone
lesions, and EV associated biomarkers. Again, this finding
is in agreement with Zhang et al who reported a positive
correlation between CDI138+EV concentration and the
number of MM bone lesions.*?

Concerning to EV content, we were able to obtain both
EV DNA and RNA from 50 pL of serum (within only
one hour), with a good amount and quality. To our knowl-
edge, this is the first method allowing to simultaneously
detect both nucleic acids from EVs. We measured DNA
and RNA concentration using spectro- and fluorimetric-
methods, but results were variable and often showed unde-
tectable levels of RNA. For these reasons, we decided to
further investigate the quality of extracted nucleic acids by
evaluating the presence of JAK-2 on EV DNA and miR-21
level on RNA using droplet dPCR. Droplet dPCR, which
avoids some of the problems of other molecular techni-
ques, allows the absolute quantification of low quantity of
nucleic acids, including those free in body fluids, and in
EVs, with high sensitivity.®>°® We chose to quantify miR-
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21 not only because it is an abundantly expressed miRNA
in mammalian cells but also because its deregulation is

associated with numerous types of cancer,’” %’

including
MM. In this neoplasm, miR-21 was found upregulated
acting as an oncomiRNA.”*"?

Of note, we reported miR-21 downregulation in MM
EVs detecting up to 0.4 copies/puL highlighting the sensi-
tivity of dPCR even with very low quantities of RNA. Our
preliminary results suggest that, despite its heterogeneity
in HS, EV miR-21 concentration might be an EV biomar-
ker useful to distinguish MM from controls with good
sensitivity. Studies are ongoing to confirm its potential
clinical relevance in a large cohort of MM patients.

Finally, our method also allowed us to extract and quan-
tify EV DNA. It has been reported that EVs carry DNA that
may range in size from 100 base pairs to several kilobase
pairs”® or even fragments up to two million base pairs long.”*
EV-associated DNA may be single, double-stranded or mito-
chondrial DNA.”">-7¢ At present, the functional significance
of EV-DNA is largely unknown. Several studies have shown
that EV-DNA 7T
quantitatively’*”> the parental cell genome DNA.

Thus, evaluation of EV-DNA could provide useful
information for a better management of several types of

reflects both qualitatively and

diseases, besides cancer, and the availability of a simple
method for its isolation is essential for its implementation
in a routine clinical setting.

Conclusion

In this study, we have defined conditions and critical
parameters necessary to achieve a high sensible detection
of EV associated-biomarkers. EVs are highly stable and
easily quantified in serum. Therefore, biological samples
can be analyzed with minimal sample processing and the
use of NTA, FC and dPCR for EV routine screening of
biological samples can become a reality for monitoring
tumor patients. To our knowledge, this is the first approach
that, using only a bench centrifugation step, allows the
efficient isolation of protein contaminant free EVs suitable
for subsequent characterization (size, count, surface anti-
gens and intravesicular nucleic acids). The total procedure
requires at most six hours, with minimal in-hand manip-
ulation. Overall, these technological adaptations allowed
us to meet our primary purpose, which was to be as easy
and as simple as possible in analyzing all circulating EV-
associated biomarkers to optimize screening for tumor
EVs. From a clinical point of view, our study provides
further evidence that EVs isolated from serum are a source

of biomarkers for hematological neoplasms. Our aim was
not to provide definitive conclusions on the clinical use of
EV-related biomarkers, but to identify new circulating EV
associated-biomarkers in tumors, potentially investigable
with approaches/procedures available in clinical cancer
laboratories providing a basis for further exploration of
their possible role as a noninvasive biomarker in MM and
in other malignancies.
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